In this study, we examined the intestinal uptake of thiamin (vitamin B 1 ), riboflavin (vitamin B 2 ) and pyridoxine (vitamin B 6 ) administered at high concentration using intestinal epithelial Caco-2 cells as an in vitro model of drugs and food absorption. The effect of vitamin concentration, culture age, transport direction and incubation temperature on vitamin transport was determined. The vitamin transport was expressed as an apparent permeability coefficient and changes in cumulative fraction transported across epithelial membrane in time. It was found that transepithelial transport of these vitamins is dependent on the experimental factors. At low concentrations an active transport mechanism was observed, whereas at high vitamin concentration a passive transport dominated. At high vitamin concentration the transepithelial flux of vitamins in both directions was similar, which proves the mechanism of passive transport.
Like other vitamins, riboflavin (vitamin B 2 ), pyridoxine (vitamin B 6 ) and thiamin (vitamin B 1 ) play a critical role in normal cellular functions. They are involved in the metabolism of carbohydrates, amino acids, lipids and neurotransmitters, which are key metabolic pathways ( 1 -4 ) . Vitamins may also regulate expression factors responsible for efficient absorption of microelements, e.g. calcium ( 5 ) or transport drugs or antigens linked to them ( 6 , 7 ) .
Humans do not possess the ability to synthesize vitamins and the storage of class B vitamins is minimal. Intestinal absorption plays the central role in regulating class B vitamin homeostasis. The food and pharmaceutical industries are interested in knowledge about bioavailability of vitamins and the mechanism of vitamin absorption from different sources. It is proved that two sources of the discussed vitamins are important: diet (in the small intestine) and bacterial synthesis in the large intestine. Uptake of the vitamins takes place mainly in the proximal part of the intestine.
New insights into the transport mechanism in the small intestine have led to in vitro studies in culture cells based on the use of monolayer epithelial cells, e.g. the Caco-2 line, as a model for the studies. The cell membrane imposes an absorption barrier to the translocation of water-soluble vitamins. To accommodate the entry of these substances, the cell expresses specific membrane proteins, which participate in a carriermediated endocytosis ( 8 ) . The epithelial cell membrane is useful to study the mechanistic information on passive and active transport. These cells exhibit morphological features, such as tight junctions, well-developed brush border microvilli and metabolizing enzymes, found in mature enterocytes in vivo ( 9 -11 ) . Intestinal epithelial cells also express carrier systems which are responsible for the transport of a great number of compounds with low lipid solubility (e.g. water-soluble vitamin) ( 12 ) . The Caco-2 cells cultured on microporous filters form the cell monolayer of spontaneously differentiated cells joined by intracellular tight junctions. This prevents lateral diffusions and makes the development of polarity of the cells easier ( 13 ) . That has resulted in Caco-2 becoming one of the most popular cell lines in transport study. That culture was used to study the transport of vitamin group B, e.g. different forms of cobalamin ( 7 , 13 ) , biotin ( 14 ) and some other vitamins (e.g. vitamin C ( 15 )). The mechanisms of transport in epithelial cells are recognized as passive transcellular, paracellular, active transcellular (transporter-mediated) or transcytosic ( 16 ) . The same substance may be transported passively or actively depending on different factors ( 17 -19 ) .
However, for a small dose of vitamins delivered via a recognized transport mechanism, a different mechanism is possible when the supply of the vitamins is very high, for example in the case of in vitro experiments on bioavailability of food or supplement components. The present work analyses the transport of three class B vitamins: riboflavin, thiamin and pyridoxin in Caco-2 line. Assessment of monolayer integrity. The integrity of the monolayer during differentiation of Caco-2 cells was monitored by determining transepithelial electrical resistance (TEER) and diffusion of phenol red across the monolayers. The TEER was measured on alternate days after seeding using the Millicell-ERS Voltohmmeter apparatus (Millipore, Japan). The diffusion of phenol red was determined by measuring the optical density (550 nm) after 20 d of culturing cells. DMEM containing phenol red was placed into the basolateral compartment after 20 d of cells culturing and HBSS into the apical compartment. After overnight incubation apical medium was collected and analyzed spectrophotometricaly. The membranes that showed in complete confluence were excluded from the transport experiments.
MATERIALS AND METHODS

Vitamins
Transepithelial permeability experiments. The 21-dold Caco-2 cultures at passage number 30-35 were used for transport experiments. The inserts were washed twice with HBSS and incubated in this solution for 15 min at 37˚C. After the placement of microporous inserts into fresh wells, the study of transport started, according to the standard protocol ( 16 ) . The transport solutions were added into the apical compartment (0.5 mL) or the basolateral compartment (1 mL) of the culture chamber. Samples, 100 or 200 L respectively, were collected every 20 min for 2 h and stored at Ϫ 18˚C and filtered (0.22 m, Millex-GS, Millipore) before HPLC analysis. The concentrations of riboflavin, thiamin and pyridoxine in the donor compartment ranged from 25 to 114 M , from 45 to 370 M , and from 87 to 536 M , respectively.
Vitamin assay. The concentration of transported vitamins was determined by HPLC ( 20 ) . Determinations were carried out on a MERCK-HITACHI system consisting of an autosampler (model L-7250), pump (model L-7100) and DAD (model L-7455) set at 245 nm for vitamin B 1 , 262 nm for vitamin B 2 and 285 nm for vitamin B 6 . The analyses were performed on a Lichrospher ® RP-18 column, 5 m, 250 ϫ 4 mm (Merck). Operation conditions for HPLC analysis were as follows: temperature 30˚C, acetonitrile/water (33 : 66) as a mobile phase, pH 3.0 (ortophosphoric acid), flow rate 1 mL/min, quantity injected 50 L. Standards were used to identify peaks in chromatograms, and peak area was used to determine the concentrations of the samples. It was done by computer integration operated in the mode of external standard.
Effect of vitamins on the cell viability. The influence of the high concentration of the vitamins on the viability of Caco-2 cells was studied on the 7th, 14th and 21st days of growth in the 24-well plates. The cell monolayers were washed with phosphate-buffered saline (PBS, pH 7.4) and the solutions of vitamins (vitamin B 2 in concentration 114 M , B 1 370 M , B 6 536 M ) were added to each well. Cultures were incubated with vitamins for 2 h, washed with PBS and observed under a microscope. The cells from 21-d-old cultures were trypsinized and stained with trypan blue, and the number of dead (blue stained) and alive (non-stained) cells were counted in a Bright-Line Hemacytometer improved by Neubauer (Sigma).
Calculations. Apparent permeability coefficients ( P app ) were calculated using following equation: The results were analyzed by a one-way analysis of variance (ANOVA) to determine significant differences and by the Tukey's t -test or the Kruskal-Wallis test to determine the statistical differences between the groups using Statistica 6.0 software. The level of significance was set at p Ͻ 0.05. Three repetitions of the same probes were included in every experiment, which was carried out three times.
RESULTS AND DISCUSSION
Assessment of toxicity
The concentrations of vitamin used for transport experiments were much higher than normally found in growth medium as well as in an intestine, up to 370 M for thiamin, 114 M for riboflavin and 536 M for pyridoxine. However, no negative effects of these high concentration of vitamins to the Caco-2 cells were observed, either during the culture growth (for 7-and 14-d-old cultures) or in the experiments with 21-d-old cultures. The cells matured and differentiated typically. The viability of the 21-d-old culture was over 95%. Normal metabolic parameters (generation time, alkaline phosphatase activity) and ordinary morphology (data not presented) were observed for 21-d-old cultures.
It must be noted that the culture growth culture medium (DMEM) used included the following concen- To monitor the evolution of Caco-2 cell monolayer confluency TEER was daily measured. Results are presented in Fig. 1 .
Transport of riboflavin
Effect of concentration. The experiments were performed using four levels of riboflavin concentration: 25, 42, 95, and 114 M . It was found that cellular, apicalbasolateral transport of vitamin B 2 is concentration dependent (Fig. 2) . Results are presented as changes in total vitamin concentration in the receiving compartment (cumulative fraction transported: CFT) over time. Taking into account the linear relationship in the figure, the transport can be described with a first-order model.
For higher concentrations of vitamin B 2 the concentration effect on P app was not observed. It changed from P app ϭ 1.5 ϫ 10 Ϫ 5 for concentration c ϭ 114 M to P appϭ 1.6ϫ10
Ϫ5 for concentration cϭ95 M. However, for the diluted solution of the vitamin, the lower the concentration that was studied, the higher the Papp that was calculated: Pappϭ4.2ϫ10
Ϫ5 for concentration cϭ42 M and at last Pappϭ8.2ϫ10 Ϫ5 for concentration cϭ25 M (Table 1) .
These experiments proved the hypothesis that for vitamin B2 a double concentration-dependent transport mechanism is observed, similar to that for vitamin B12 (18, 19) . For low vitamin B2 concentrations the active transport dominates whereas for the high concentration the passive transport is observed.
Direction of transport.
For the passive transport the P app values should be independent of the transport direction, but some small differences may be observed due to differences in the surface areas of the apical and basolateral monolayer (21) . In this work, the dependence of the Papp value on the direction was studied only for the highest concentration of the vitamin (Fig. 3) . Statistical analysis showed that the effect of the transport direction is significant. The Papp values were respectively ~1.5-1.6ϫ10 Ϫ5 cmϫs Ϫ1 for the A-B direction and approximately 2.0ϫ10 Ϫ5 cmϫs Ϫ1 for the B-A direction ( Table 1) .
Effect of temperature. The determination of the Papp value in the presence of inhibitors gives additional information about the transport mechanism. One of the most often used inhibitors of active transport is decreasing the temperature down to 4˚C. Before these experiments the cultures were incubated at 4˚C in order to adapt them to lower temperatures.
In the present experiments, at higher concentrations of the vitamin, the influence of low temperature on vitamin permeability was not observed (Fig. 4) . The average Papp determined for riboflavin in a concentration of ~100 M was 1.5ϫ10
Ϫ5 cmϫs Ϫ1 at 37˚C and 1.6ϫ10
Ϫ5 cmϫs Ϫ1 at 4˚C (Table 1 ). These differences are statistically insignificant. These results proved the passive transport of riboflavin across Caco-2 monolayer at high vitamin concentration.
Riboflavin is absorbed in intestinal, liver and renal cells. Animal and animal cell line experiments suggested the involvement of carrier-mediated systems in vitamin B2 uptake. However, human regulation of intes- tinal absorption is poorly understood. At low vitamin concentration, the results of the experiments showed that riboflavin uptake involves a specialized, carriermediated mechanism of absorption in the alimentary canal (22) (23) (24) (25) . In vitro studies using rat everted jejunal sacs have shown that absorption of the vitamin is a saturable and energy-dependent process at physiological concentrations and a simple diffusion takes place at higher concentrations (26) . This dual mechanism has been confirmed under in vivo conditions (27) . The major aim of the study was to verify the hypotheses about a dual mechanism of vitamin B 2 transport using Caco-2 cells system and adapt the model to in vitro experiments which require high concentrations of examined substances. The situation is often observed during examination of more complicated sources of vitamins, e.g. testing bioavailability from newly formulated supplements to the human diet. We have found that transport of the vitamin is concentration dependent, but only for some levels. For the higher concentration of the vitamin, the concentration dependence is not significant. This result proved that for the lower studied concentration (e.g. 25, 42 M) an active transport was observed and it could be carrier-mediated transport. However, for higher concentrations, a dual mechanism was observed: active and passive transport. These results are consistent with previous studies. The vitamin B 2 saturation of Caco-2 cells causes a passive transport of the substance through the cell monolayer.
The temperature independence also confirmed the passive transport. These observations suggest the dual mechanism of the transport-the active transport for a lower concentration of riboflavin and passive for a higher concentration the vitamin for Caco-2 cells systems.
The studies need to be continued. The threshold level of vitamin concentration for transition from the active transport to the passive should be determined. 
Papp average, average apparent permeability coefficient; SD, standard deviation; SS, statistical significance, the same letters stand for statistically in significant differences; A-B, apical-basolateral direction of transport; B-A, basolateral-apical direction of transport. 1 The experiments were studied in a riboflavin concentration of c~100 M. Papp c3ϭ1.0ϫ10 Ϫ5 cmϫs
Ϫ1
), were significant ( Table 2) . Direction of transport. The variability of the cumulative fraction transported in dependence on transport direction was observed (Fig. 6) . The Papp value for basolateral-apical transport was lower and amounted to 6.9ϫ10 Ϫ8 cmϫs Ϫ1 (Table 2) . But the standard deviation for that experiment was quite large, which suggests the concentration may be too high for the Caco-2 cells, despite the results of the toxicity experiments.
Effect of temperature. For vitamin B1 the temperature had an effect on the cumulative fraction transported (Fig. 7) . The Papp values calculated for the concentration 380 M varied from 1.5ϫ10
Ϫ6 cmϫs Ϫ1 at 37˚C to 8.8ϫ10 Ϫ7 cmϫs Ϫ1 at 4˚C ( Table 2 ). The cellular regulation of the intestinal uptake of thiamin and its transport mechanism are less recognized than for other important nutritive substances. The absorption of the vitamin by Caco-2 cells was found to involve a carrier-mediated process (2, 28) . The present experiments show similarities to the study on riboflavin. Examinations carried out at higher concentrations of thiamin suggest the connection between passive and active transport mechanisms. It may be expected that for higher concentrations than used in these experiments the passive transport may dominate, because the distance between the curves for 370 and 250 M transport suddenly deceases (Fig. 5) . A statistically significant impact of concentration, transport direction and significance of temperature was observed. However, these results stay in harmony with those obtained by Laforenza and co-workers (29) . They observed predominantly saturable transport at physiological concentrations of the vitamin and diffusive at higher concentrations.
Transport of pyridoxine
Effect of concentration. The first examined element of pyridoxine transport was the influence of concentration. The result was as for thiamin and riboflavin. The P app varied in dependence on concentration (Fig. 8) .
For the lowest concentration Pappϭ3.0ϫ10 Ϫ5 cmϫs
Ϫ1
and for the higher studied concentrations the change in Papp was from Pappϭ5.7ϫ10 Ϫ6 cmϫs Ϫ1 for cϭ363 M to Pappϭ7.7ϫ10 Ϫ6 cmϫs Ϫ1 for cϭ536 M (Table 3) . Direction of transport. The impact of the direction was examined for the highest tested concentration (Fig.  9) . The Papp for basolateral-apical transport was lower (4.8ϫ10 Ϫ6 cmϫs
) than for apical-basolateral transport (7.7ϫ10 Ϫ6 cmϫs Ϫ1 ) ( Table 3 ). The high standard deviation for that experiment suggests the concentration may be too high for the Caco-2 cells, despite the results of the toxicity experiments.
The mechanism of uptake of pyridoxine was recognized as carrier-mediated and was studied for renal and intestinal cell lines (28, 30) . However, for everted intestinal sacs simple diffusion was also recognized (31) . The present results have stayed compatible with those presented for riboflavin and thiamin. The dual mechanism of the vitamin transport is confirmed. The dependence on concentration and direction of transport suggest active transport. However, it should be noted that the concentrations used were much higher than those normally occurring in the intestine. Such high concentra- Papp average, average apparent permeability coefficient; SD, standard deviation; SS, statistical significance, the same letters stand for statistically in significant differences; A-B, apical-basolateral direction of transport; B-A, basolateral-apical direction of transport. 1 Experiments prepared at concentration of vitamin B1 ~380 M. 2 The concentration of thiamin c~345 M. tions could shift the transport mechanism into the passive.
CONCLUSION
The investigation on transport of riboflavin, thiamin and pyridoxine through Caco-2 cells confirmed that the transport of the vitamins is concentration dependent only for low concentrations and independent for high, possible during in vitro experiments of different forms of supplementation. For Caco-2 cultures the Papp for A-B transport was higher than B-A transport.
The results confirmed the dual mechanism of transport for the studied vitamins and are compatible for the three vitamins and with previous published results ( [23] [24] [25] [26] [27] [28] [29] [30] [31] ; however the experiments for thiamin should be widened to include different concentrations. For low concentrations, normally observed in the human diet, the active mechanism of transport is suggested. However, for the concentration possible in supplementation tests, passive transport should also be considered. Papp average, average apparent permeability coefficient; SD, standard deviation; SS, statistical significance, the same letters stand for statistically in significant differences; A-B, apical-basolateral direction of transport; B-A, basolateral-apical direction of transport. 1 Experiments prepared at concentration of vitamin B6 ~530 M.
